In female mammals including rodents and humans, feeding decreases during the periovulatory period of the ovarian cycle, which coincides with a surge in circulating estrogen levels. Ovariectomy increases food intake, which can be normalized by estrogen treatment at a dose and frequency mimicking those during the estrous cycle. Furthermore, administration of estrogen to rodents potently inhibits food intake. Despite these well-known effects of estrogen, neuronal subtypes that mediate estrogen's anorexigenic effects have not been identified. In this study, we show that changes in hypothalamic expression of agouti-related protein (Agrp) and neuropeptide Y (Npy) coincide with the cyclic changes in feeding across the estrous cycle. These cyclic changes in feeding are abolished in mice with degenerated AgRP neurons even though these mice cycle normally. Central administration of 17␤-estradiol (E2) decreases food intake in controls but not in mice lacking the AgRP neurons. Furthermore, E2 treatment suppresses fastinginduced c-Fos activation in AgRP and NPY neurons and blunts the refeeding response. Surprisingly, although estrogen receptor alpha (ER␣) is the key mediator of estrogen's anorexigenic effects, we find that expression of ER␣ is completely excluded from AgRP and NPY neurons in the mouse hypothalamus, suggesting that estrogen may regulate these neurons indirectly via presynaptic neurons that express ER␣. This study indicates that neurons coexpressing AgRP and NPY are functionally required for the cyclic changes in feeding across estrous cycle and that AgRP and NPY neurons are essential mediators of estrogen's anorexigenic function.
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estrogen ͉ feeding P roper regulation of energy homeostasis and reproduction is fundamental for fitness and survival. Reproduction is an energy intensive process, and precise interaction of regulators for energy balance and reproduction allows coordinated regulation of these two processes. Leptin, a hormone secreted from adipose tissue, plays a critical role in both energy balance and reproduction. Leptin is produced proportional to body fat mass and it conveys the abundance of the body's energy stores to the brain, where it acts to regulate feeding and energy expenditure (1). A decline in leptin level signals a state of negative energy balance, which triggers robust counterregulatory mechanisms to increase feeding. One consequence of negative energy balance is induction of hypogonadonism and inhibition of reproductive function (2) . Consistent with this notion, leptin deficiency results in profound hyperphagia and infertility in rodents and humans (1, (3) (4) (5) .
Estrogen, a hormone essential for sexual reproduction, plays a role in feeding and energy balance regulation. Serum levels of estrogen decline during negative energy balance (6) and estrogen deficiency or loss of function of estrogen receptor (ER) results in increased feeding and adiposity in rodents and humans (7) (8) (9) (10) . Feeding and body weight increase in ovariectomized females and estrogen replacement reverses such effects (11, 12) . Furthermore, acute ablation of ER alpha (ER␣) in the brain results in severe obesity and metabolic syndrome (13) . Thus, decreased estrogen signaling also activates regulatory mechanisms to increase body adiposity. Consistent with the notion that estrogen acts in the brain to regulate energy balance, central administration of estrogen has been shown to decrease food intake in ovarian-intact rodents (14) . Food intake has also been shown to exhibit cyclic changes across ovarian cycle. Estrogen levels rise right before estrus, during which time food intake is at its nadir (11, 12) . Similar observations have been made in humans: women tend to eat less during the 4-day periovulatory phase of the ovarian cycle, which coincides with a surge in estrogen levels (15) . These cyclic changes in feeding are absent during anovulatory cycles (16) .
Leptin's effect on energy balance is to a large degree mediated by its regulation of hypothalamic neurons (1) . Within the arcuate nucleus (ARC) of the hypothalamus, neurons expressing proopiomelanocortin (POMC) and neurons coexpressing agoutirelated protein (AgRP) and neuropeptide Y (NPY) are direct leptin targets. Both AgRP and NPY are potent orexigens, and due to their coexpression in neurons within the ARC, these neurons are termed AgRP/NPY neurons. While AgRP/NPY neurons promote positive energy balance, POMC neurons promote negative energy balance. During food deprivation, leptin levels decline precipitously, leading to dramatic upregulation of Agrp and Npy expression and modest downregulation of Pomc. This reciprocal change in Agrp, Npy and Pomc expression leads to a robust hyperphagic response upon refeeding, which ensures rapid replenishment of energy stores and restoration of energy balance. Importantly, leptin's effect on reproduction is mediated, at least in part, by its negative regulation on the Npy gene, since deletion of Npy gene restores fertility in leptin deficient mice (17) . Much of this effect is mediated by NPY Y4 receptor as deletion of Y4 receptor in leptin deficient mice rescues fertility without affecting feeding and body weight (18) . Thus, leptin regulates both energy balance and reproduction by negatively regulating Npy expression.
In contrast to leptin, the underlying mechanism by which estrogen regulates feeding is still largely unknown. Previous studies have shown that estrogen influences the feeding efficacy of cholecystokinin (CCK) and ghrelin (12) . Recently, estrogen has been shown to exert leptin-like effects by modulating synaptic densities on the POMC neurons, although the identity of these presynaptic estrogen-responsive neurons is not known (14) . Despite these findings, the functional requirement of specific neuronal subgroups in mediating estrogen's anorexigenic effect has not been established. In this study, we use a transgenic mouse model in which AgRP/NPY neurons are degenerated and show that AgRP/NPY neurons are functionally required for the cyclic changes in feeding across the estrous cycle and that these neurons are essential targets for estrogen's anorexigenic effects.
Results

Changes in Agrp and Npy Expression Across the Estrous Cycle Coincide
with Cyclic Changes in Food Intake and Body Weight. Female rodents exhibit cyclic changes in feeding across the estrous cycle (11, 12) . We sought to confirm this phenomenon in 12-week-old C57BL/6J female mice. Phases of the estrous cycle were determined by cytological analysis of vaginal smears. Food intake, body weight, and phases of estrous cycle were monitored daily. Consistent with previous studies, food intake was highest between metestrus and diestrus, declined during proestrus, and reached its nadir between proestrus and estrus (Fig. 1A) . On average, food intake in proestrus-estrus phase was 16.3% lower than in the metestrus-diestrus (2.5 Ϯ 0.16 g and 3.0 Ϯ 0.10 g for 24-h food intake, respectively). Changes in body weight across the estrous cycle mirrored changes in food intake (Fig. 1B) . Since POMC, AgRP, and NPY are key neuropeptides in feeding regulation, we next examined whether their expression in the hypothalamus also follows cyclic changes. Mice were killed at different phases of the estrous cycle, and hypothalamic gene expression was analyzed by semiquantitative real time RT-PCR. While expression of leptin receptor (Lepr) and Pomc remained constant throughout the estrous cycle, Npy and Agrp expression were significantly reduced in proestrus-estrus (Fig. 1C) . This temporal decrease in Npy and Agrp expression coincides with the decline in feeding and body weight, as described above. Thus, hypothalamic expression of Npy and Agrp is dynamically regulated in different phases of the estrous cycle and this change coincides with the cyclic change in food intake and body weight.
Estrous Cycle Dependent Regulation of Food Intake and Body Weight
Is Abolished in Mice Lacking AgRP/NPY Neurons. The precise temporal correlation of Agrp and Npy downregulation and the decrease in feeding and body weight suggests that cyclic modulation of AgRP/NPY neurons plays a causal role in estrous cycle dependent changes in feeding and body weight. To test this hypothesis, we used transgenic mice in which AgRP neurons are degenerated due to deletion of the mitochondrial transcription factor A gene, specifically in the AgRP neurons (Agrp-Tfam). We have previously reported that 85% of AgRP neurons are degenerated in the Agrp-Tfam mice by 6-7 months of age and that these mice exhibit normal food intake and body weight (19) . Consistent with the previous report, Agrp-Tfam control and mutant mice used in this study displayed similar body weight and food intake when measured in all female mice regardless of their cycling status ( Fig. 2 A and B) . The Agrp-Tfam mutant mice are also fertile, consistent with a previous report showing that ablation of AgRP neurons in neonatal mice does not interfere with pregnancy, parturition or lactation (20) . The cycling female Agrp-Tfam mutants exhibited typical morphologic change of vaginal smears in different phases of estrous cycle and the length of their estrous cycle did not differ from that of controls (Fig.  S1) . A similar percentage of the control and mutant mice did not cycle regularly and were excluded from the experiment described below. As expected, food intake and body weight decreased significantly between proestrus and estrus in the control females. However, food intake and body weight of Agrp-Tfam mutant animals remains unchanged throughout the estrous cycle, and are similar to values from the proestrus-estrus of the control animals ( Fig. 2 C and D) . These results suggest that AgRP/NPY neurons are functionally required for estrous cycle dependent regulation of food intake and body weight. They support the notion that AgRP/NPY neurons are functionally downstream of estrogen's anorexigenic effects. Thus, in the absence of AgRP/ NPY neurons, food intake, and body weight in all phases of the estrous cycles resemble those in the proestrus-estrus of normal mice, suggesting that the decrease in feeding and body weight during proestrus-estrus in normal mice is caused by estrogenmediated suppression of AgRP/NPY neuronal function. 
E2 Inhibits Agrp and Npy Expression in Hypothalamic Explants.
We next investigated whether Agrp and Npy expression are regulated by sex hormones, such as estrogen or progesterone. Coronal hypothalamic slices were prepared from adult females. Such slice preparation preserves the architecture of neuronal networks and neuronal communication. Each slice was cut into two identical halves along the 3 rd ventricle and cultured. One half was treated with E2 (10 nM) for 24 h, and the other identical half was treated with vehicle. Similarly, slices were treated with progesterone (100 nM) or its vehicle for 24 h. RNA was then extracted and semiquantitative RT-PCR was performed. Treatment with E2 for 24 h significantly inhibited Npy and Agrp expression by 60.5% and 91.2%, respectively, compared with vehicle treatment (Fig.  3A) . In contrast, E2 did not affect expression of Lepr. No significant changes in Npy, Agrp or Lepr expression were detected in hypothalamic explants treated with progesterone (Fig.  3B) . These results suggest that E2, but not progesterone, inhibits Npy and Agrp expression in the hypothalamus.
Central Administration of E2 Inhibits Food Intake in Controls but Not
in Mice Lacking AgRP/NPY Neurons. It has been shown that central administration of E2 inhibits food intake in ovarian-intact rodents (14) . We thus sought to determine whether E2 exerts its anorexigenic effects by acting on AgRP/NPY neurons. AgrpTfam controls and mutants were icv injected with vehicle (aCSF) via a 3 rd ventricle cannula for at least 6 days, during which time vaginal smears and food intake data were collected daily. After these first 6 days, mice were continuously injected with aCSF until they reached metestrus/diestrus. In this particular experiment, the mice were synchronous in cycling and most of them reached metestrus/diestrus on the 7th day. When the mice reached metestrus/diestrus, they were injected with 2 g water soluble E2. Fourteen-hour and 24-h food intake after E2 treatment was compared with values obtained in the same phase (metestrus/diestrus) during vehicle treatment, such that each mouse served as its own control. While E2 inhibited 24-h food intake in the controls by 23.6%, it failed to alter food intake in the Agrp-Tfam mutants (Fig. 4 A and B) . This result indicates that AgRP/NPY neurons are necessary for estrogen's anorexigenic effects.
Expression of ER␣ Is Completely Excluded from AgRP/NPY Neurons
Within the Hypothalamus. Although multiple estrogen receptors have been identified, evidence indicates that ER␣ is the main mediator of estrogen's effects on energy balance (21) . ER␣-deficient mice are obese, whereas ER␤-deficient mice are normal (7, 22) . ER␣ is abundantly expressed in ARC and ventromedial hypothalamus (VMH) (23) . Thus, we sought to determine whether AgRP/NPY neurons express ER␣ in vivo by immunofluorescence analysis. Since AgRP and NPY are coexpressed by the same neurons within the ARC, we used transgenic mice, in which humanized Renilla Green Fluorescent Protein (hrGFP) was specifically expressed under the control of the mouse Npy regulatory sequence such that AgRP/NPY neurons can be readily identified by GFP expression. The specificity of GFP expression has been demonstrated in that GFP expression is completely colocalized with NPY immunoreactivity in hypothalamus and other brain regions in colchicine-injected animals (24). We also confirmed complete colocalization of NPY and GFP in cortical neurons (Fig. S2 A-C) . Intense GFP signal was detected in ARC ( Fig. 5 A and B) , while ER␣ positive cells were detected in both ARC and VMH (Fig. 5 C and D) . Surprisingly, none of the 2,449 GFP positive neurons were positive for ER␣ immunoreactivity (Fig. 5 E and F) . The specificity of the ER␣ antibody was confirmed by lack of immunoreactivity in ER␣-deficient mice. Thus, ER␣ expression was completely excluded from AgRP/NPY neurons in the mouse hypothalamus. This result suggests that estrogen may regulate AgRP/NPY neurons indirectly via presynaptic neurons that express ER␣.
E2 Inhibits Fasting-Induced c-Fos Activation in AgRP/NPY-Neurons and
Refeeding. The indirect nature of AgRP/NPY regulation via ER␣ prompted us to investigate whether estrogen would suppress AgRP/NPY function by inhibiting their neuronal activities. It is known that AgRP/NPY neurons are activated upon fasting, which is associated with dramatic induction of c-Fos expression in these neurons (25) . By using Tg.NPY-hrGFP mice, we found that c-Fos expression was barely detectable in AgRP/NPY neurons in fed females (Fig. 6 A-C) . However, a marked increase in c-Fos expression in AgRP/NPY neurons was observed after a 25-h fast (Fig. 6 D-F Fig. 4 . Central administration of E2 decreases food intake in controls but not in mice lacking AgRP/NPY neurons. Agrp-Tfam controls and mutants were infused with aCSF for at least 6 days until they reached metestrus/diestrus. In this particular experiment, the mice were synchronous in cycling and most of them reached metestrus/diestrus on the seventh day, at which point the mice were infused icv with water-soluble E2 (2 g in aCSF per mouse). Fourteen-and twenty-four-hour food intake after E2 treatment was compared with values obtained in the same phase (metestrus/diestrus) during vehicle treatment, such that each mouse served as its own control. All injections were made at 6 PM and at the same time vaginal smears were collected. Food intake was measured at 8 AM and 6 PM * , P Ͻ 0.05. n ϭ 6 controls, n ϭ 6 mutants.
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were fasted for 25 h, during which the mice were injected three times with either E2 or vehicle (saline) and killed 1 h after the last injection. As expected, high c-Fos expression was found in neurons in the basomedial ARC in saline injected mice. However, in E2 treated mice, c-Fos expression was significantly diminished (Fig. 6 G and H) . Quantification of c-Fos positive cells in basomedial ARC showed that the number of c-Fos positive cells in E2 treated mice was about 25% of control values (Fig. 6I) . These results suggest that E2 inhibits AgRP/NPY neuronal activities. To examine if E2 treatment during fasting affects refeeding, a separate cohort of mice were allowed to refeed after hormone treatment during the 25-h fast, as described above. While E2 treatment did not affect the extent of body weight decrease upon fasting, it significantly reduced food intake during the first 2 h of refeeding by 38% but had less effect on later time points (Fig. S3) . The reduced refeeding is consistent with the inhibitory effect of estrogen on AgRP/NPY neuronal activation.
Discussion
It has been well-documented that estrogen exerts an inhibitory effect on feeding. In female mammals including rodents and humans, feeding decreases during the periovulatory period of the ovarian cycle, a period that coincides with a surge in serum estrogen levels (11) . Administration of estrogen, both peripherally and centrally, potently inhibits food intake and decreases body weight (11, 12, 14) . Furthermore, ovariectomy results in increased food intake and body weight compared with shamoperated females, and estrogen replacement at a dose and frequency mimicking those during estrous cycle inhibits weight gain in ovariectomized animals (11, 12) . However, despite these well-known effects, neuronal subtypes that are functionally required for estrogen's anorexigenic effects have not yet been identified. In this study, we show that Npy and Agrp expression, but not Pomc expression, coincides with the cyclic changes in feeding, and that estrous cycle dependent changes in feeding and body weight are abolished in mice lacking AgRP neurons. Furthermore, central administration of E2 decreases food intake in control but not in mice with ablated AgRP neurons. These results establish that AgRP/NPY neurons are essential mediators of estrogen's anorexigenic function.
It has been reported that estrogen influences the potency of some peripheral hormones on feeding. Ghrelin, a gut derived hormone, has been shown to stimulate feeding more effectively in males and ovariectomized females than in intact female rats, and that E2 inhibits ghrelin's orexigenic effects (26) . Interesting, ghrelin has been shown to exert its orexigenic effect through AgRP/NPY neurons as this effect is lost in mice lacking the AgRP neurons (27) . Thus, our current results suggest that estrogen may affect the efficacy of ghrelin by inhibiting AgRP/ NPY neurons, the ghrelin target neurons. In addition, E2 has been shown to modulate CCK's effects on feeding (12) . While estrogen may act on neurons within the hindbrain to influence CCK's anorexigenic effect, the ARC has recently been shown to regulate CCK's efficacy on feeding. In particular, leptin, a long-term adiposity signal, has been shown to act on neurons in the ARC to regulate CCK's satiety effects (28, 29) . Thus, it is conceivable that estrogen influences CCK's satiety effects by regulating AgRP/NPY neurons. Several ERs have been identified to date, most notably ER␣ and ER␤. It has been shown that estrogen's effects on feeding and body weight require ER␣, and that ER␣-deficient mice, both males and females, have increased body weight and adiposity (7) . Inhibition of ER␣ by RNA interference in the VMH of hypothalamus results in severe obesity and metabolic syndrome (13) . ER␣ is abundantly expressed in the ARC and the VMH. In contrast, ER␤ expression is barely detectable in the ARC, while it is abundantly expressed in other regions of the brain (30) . Surprisingly, our results showed that ER␣ expression is completely excluded from AgRP/NPY neurons in the hypothalamus of adult female and male mice. These results are in contrast to in vitro studies in which ER␣, AgRP and NPY were coexpressed in immortalized hypothalamic neuronal cell lines derived from embryonic mice (31) . It is currently unclear whether this discrepancy represents a difference in expression of ER␣ in adult and embryonic neurons, or if it represents alteration of their expression profiles during prolonged in vitro cultures. Although our study suggests that estrogen does not directly regulate AgRP/NPY neurons via ER␣, we cannot rule out the possibility that a novel estrogen receptor may be present in these neurons. Indeed, a membrane bound estrogen receptor has been recently reported (21, 32) . However, given the importance of ER␣ in mediating estrogen's anorexigenic effect, our data suggest that estrogen may regulate AgRP/NPY neurons indirectly via an ER␣-dependent mechanism. It has been shown that neurons within the ARC receive neuronal innervations from the VMH (33), so it is possible that ER␣ expressing neurons within the VMH project to the AgRP/NPY neurons in the ARC. Alternatively, ER␣ positive neurons within the ARC could project to neighboring AgRP/NPY neurons (34) . One such candidate neuronal subtype is the Kiss1 neurons, which are abundant in the ARC. These neurons express both ER␣ and leptin receptor and are essential for regulating GnRH secretion (35, 36) . It would be interesting to investigate whether Kiss1 neurons exert inhibitory input onto the AgRP/NPY neurons. Consistent with the notion that estrogen indirectly regulates neuronal activities, estrogen has been shown to regulate presynaptic inputs on POMC neurons (14) . It is also possible that these estrogen responsive inputs to the POMC neurons may originate from the same cohort of ER␣ positive neurons that project to the AgRP/NPY neurons.
Although our results demonstrate the functional requirement of AgRP/NPY neurons for estrogen's anorexigenic effects, it is currently unclear whether AgRP, NPY, or neurotransmitter ␥-aminobutyric acid (GABA) mediates such effects. Leptin is known to regulate AgRP/NPY neuronal function by transcriptional regulation of Agrp and Npy and also by modulation of their neuronal activities (1) . Food restriction or leptin deficiency induces dramatic upregulation of Agrp and Npy expression, and leptin replacement reverses this effect. In addition, leptin inhibits AgRP/NPY neuronal activity by reducing GABA release onto the POMC neurons (37, 38) . Therefore, like leptin, estrogen may regulate AgRP/NPY neuronal function by multiple mechanisms.
The ability to regulate energy homeostasis and reproduction in a coordinated fashion is of evolutionary advantage, since reproductive success depends on adequate energy reserve in females. Leptin and estrogen, two seemingly very different hormones are critical regulators of energy balance and reproduction, although leptin may take on a more specialized role in energy balance and estrogen is more specialized in reproduction.
However, both leptin and estrogen possess very similar roles in the regulation of food intake and body weight. Deficiency of either hormone results in decreased fertility and increased feeding (1, 3-5, 7-9, 39) . Thus, a decline in circulating levels of either hormone signals an undesirable physiologic state for reproduction. Increased feeding, as a result of either leptin or estrogen deficiency, may serve as a counterregulatory mechanism to increase energy reserve, which is a prerequisite for reproductive success. While it is well established that leptin regulates energy balance and reproduction by suppression of AgRP/NPY neurons, our study indicates that estrogen also regulates feeding by antagonizing these neurons. Indeed, prolonged hyperactivation of AgRP/NPY neurons, often associated with negative energy balance, causes not only robust hyperphagia to restore adiposity stores but also suppresses reproductive function. Although NPY has been shown to influence GnRH and gonadotrophin secretion, chronic administration of NPY delays sexual maturity and impairs reproductive function (40) . Furthermore, deletion of NPY or Y4 receptor from leptindeficient mice restores fertility (17) . On the other hand, ablation of AgRP neurons in the neonates does not affect fertility or lactation-induced hyperphagia, suggesting that mice can cope with the loss the AgRP/NPY neurons by developing compensatory mechanisms (20) . Thus, AgRP/NPY neurons integrate both leptin and estrogen action to regulate energy balance and reproduction.
Materials and Methods
Mice. C57BL/6 mice were purchased from the Jackson Laboratories and subsequently bred in house. Mice with deletion of mitochondrial transcription factor A (Tfam) gene specifically in the AgRP neurons (Agrp-Tfam mutants) have previously been developed and characterized in details (19) . About 85% of AgRP neurons undergo progressive neurodegeneration by 7 months of age in the mutant animals. To generate Agrp-Tfam control and mutant mice, male homozygous for the floxed Tfam allele and heterozygous for the Agrp-Cre transgene were mated to females that were homozygous for the floxed Tfam allele. Eight month old female Agrp-Tfam mutants and littermate controls were used in this study. Mice expressing hrGFP under the control of the mouse Npy promoter were purchased from the Jackson Laboratory [B6.FVB-Tg(NPYhrGFP)1Lowl/J] and the specificity of GFP expression has been validated (24). All mice were housed in the University of California, San Francisco's mouse barrier facility in a room with a 7 AM-7 PM light/dark cycle. All experiments were carried out according to a protocol approved by the UCSF Institutional Animal Care and Use Committee.
Determination of Estrous Cycle.
Vaginal smears were collected in the morning (9 AM) and at the time the mice were killed unless otherwise stated. Vaginal smears were then stained with Giemsa stain (Sigma). Cytological changes in different phases of the estrous cycle are illustrated in Fig. S1 .
Gene Expression Analysis. RNA was isolated using TRIzol reagent (Invitrogen) and RNeasy mini kit (QIAGEN). RNA (1 g) was reverse transcribed to cDNA using reagents from Invitrogen. mRNA levels were then analyzed using a 7900HT Fast Real-Time PCR System (Applied Biosystems). Npy, Agrp, Pomc and Lepr expression were analyzed using TaqMan Gene Expression Assays. ␤-actin was used as internal reference.
Hypothalamic Explant Culture. Three 0.5-mm thick coronal brain sections through the hypothalamus were prepared in dissection media (50% DMEM, 50% HBSS, 25 mM HEPES, 10 mM Tris-HCl, pH 7.4, 100 g/mL PenicillinStreptomycin), cut in half along the third ventricle, placed in Millicell CM 0.4 M culture plate inserts (Millipore) and cultured at 37°C in culture media (50% DMEM, 25% HBSS, 25% heat-inactivated horse serum, 2 mM Glutamine, and 100 g/mL Penicillin-Streptomycin) in a 5% CO2 incubator overnight. The next morning, medium was changed and hormone or vehicle (water) was added to the medium. One half of each slice was treated for 24 h with either 10 nM E2 (␤-Estradiol water-soluble, Sigma) or 100 nM progesterone (watersoluble progesterone, Sigma), and the other identical half was treated with vehicle (water).
Intracerebral Ventricular Injection. For implantation of the guide cannula, mice were anesthetized with 100 mg/kg Ketamine and 5 mg/kg Xylazine. 0.5% Isofluorane was used as needed to maintain surgical plane anesthesia. Custom 5.7 mm guide cannulas (Plastics One) were implanted using a stereotaxic apparatus (David Kopf Instruments) into the third ventricle (x: 0.0, y: bregma Ϫ2.0, z: Ϫ5.7). Buprenorphine (0.1 mg/kg) was used immediately after surgery and as needed. The correct placement of the guides was verified by drinking response to 100 g/mL Angiotensin II (Sigma) in aCSF (150 mM NaCl, 3.0 mM KCl, 1.4 mM CaCl2, 0.8 mM MgCl2, 1 mM NaH2PO4, pH 7.4), and also by postmortem histochemical examination. For icv injection, 1 L of vehicle (aCSF) or water-soluble E2 (2 g in aCSF) was infused at a rate of 10 nL/s using a micropump (World Precision Instruments) and a custom 5.9 mm injector (Plastics One).
Immunohistochemistry. Mice were perfused with 4% paraformaldehyde, cryoprotected in 30% sucrose overnight at 4°C, and sectioned using a cryostat as described in (19) . For NPY staining, coronal brain sections (10 m) were boiled in a 10 mM citrate solution. For c-Fos staining, sections were incubated sequentially for 10 min each in base solution (1% NaOH, 1% H2O2), 0.3% glycine and 0.3% SDS. Sections were incubated with primary antibody against ER␣ (1:10,000; Upstate), NPY (1:250; Bachem Peninsula Laboratories) or c-Fos (1:500; Calbiochem) overnight at 4°C, washed and incubated 1 h at room temperature with a secondary goat anti-rabbit IgG antibody (1:200; Invitrogen).
Statistical Analysis. All comparisons were done using the Student's t test using either paired samples or two-samples with unequal variance. Mean values in the text and figures are expressed as mean Ϯ SEM.
